During soil waterlogging, plants experience O 2 deficits, elevated ethylene and high CO 2 in the root-zone. The effects on chickpea (Cicer arietinum L.) and faba bean (Vicia faba L.) of ethylene (2 μL L -1 ), CO 2 (2-20% v/v) or deoxygenated stagnant solution were evaluated.
INTRODUCTION
Waterlogged soils are either hypoxic (O 2 deficient) or anoxic (lack O 2 ). While low O 2 stress (hypoxia or anoxia) is the main cause of reduced growth of plants in waterlogged soils (Trought & Drew, 1980) , increased concentrations in the root-zone of ethylene, CO 2 , reduced metals (e.g. Fe 2+ ) and organic acids from soil microbial metabolism, can all also be detrimental to roots (Ponnamperuma, 1972 (Ponnamperuma, , 1984 . Ethylene at >1 μL L -1 suppressed root extension in rice (Smith & Robertson, 1971) , but ethylene can also promote the formation of aerenchyma in roots (e.g. in maize, Drew et al., 1979 ; and reviewed by Yamauchi et al., 2018) . There are no studies reporting the direct effects of ethylene on root extension, aerenchyma formation or other morphological changes in cool-season grain legumes. High CO 2 can inhibit respiration (Kerbel et al., 1990 , Lammertyn et al., 2001 and CO 2 can accumulate in waterlogged soils and impede root growth (Greenway et al., 2006) . Root length of soybean in N 2 -flushed nutrient solution for two weeks was reduced to 40% of the aerated control and addition of 15 kPa CO 2 in the N 2 -flushed solution resulted in a further reduction to 20% of the aerated control (Boru et al., 2003) . Moreover, root growth in field pea, sunflower and broad bean stopped after treatment with 6.5-8.5 kPa CO 2 in air for a few days (Stolwijk & Thimann, 1957) . Even for the wetland species Rumex palustris, root extension declined by 20% during the first 2 h of exposure to 10 kPa CO 2 (Visser et al., 1997) . Additional information is needed on the effects of high CO 2 on roots of different species (Greenway et al., 2006) . Here we focus on two cool-season grain legumes with contrasting tolerances to waterlogging, faba bean (Vicia faba L.) and chickpea (Cicer arietinum L.).
Waterlogging-tolerant species tend to avoid O 2 deficiency in some parts of the roots by increasing the gas-filled volume (i.e. 'porosity') through the formation of aerenchyma, which promotes internal O 2 movement from the shoot into and along the roots (Armstrong, 1979) .
The improved root aeration is important to support root respiration (Armstrong, 1979 , Armstrong & Beckett, 1987 . The substrate for respiration (i.e. total sugars) can, however, increase in the roots of waterlogged plants because sugar consumption decreases when growth and respiration are inhibited by the O 2 deficiency [e.g. in wheat (Herzog et al., 2016) ;
forage pastures (Striker & Colmer, 2016) ]. Cool-season grain legume crops such as narrowleafed lupin, chickpea, lentil and field pea are sensitive to waterlogging (Palta et al., 2010 , Siddique & Sykes, 1997 , Siddique et al., 1993 , Yu & Rengel, 1999 , but faba bean is relatively more tolerant, attributed to development in the roots of higher gas-filled porosity than in other grain legume species (Solaiman et al., 2007) . In addition to previous work on adverse effects of low O 2 on the roots of cool-season grain legumes, there is need to study whether high root-zone CO 2 might also contribute to root growth restrictions and whether the adverse effect of high CO 2 is associated with reduced respiration and/or whether substrate limitation is involved, which in the present study was evaluated for chickpea and faba bean.
Previous studies of waterlogging responses in faba bean and chickpea have documented inhibition of root growth, but did not evaluate root sensitivity to CO 2 or to ethylene (e.g., Palta et al., 2010 , Solaiman et al., 2007 . The present experiments assessed the responses to high root-zone CO 2 and ethylene of the relatively waterlogging-tolerant grain legume faba bean and sensitive chickpea, in aerated nutrient solution. Responses were benchmarked against growth in deoxygenated stagnant agar nutrient solution (Wiengweera et al., 1997) , and post-treatment recoveries were also evaluated. The effect of high CO 2 on root respiration was established. Our hypotheses were: (i) faba bean would be more tolerant than chickpea to growth in deoxygenated stagnant agar, and faba bean would have greater root porosity; (ii) ethylene treatment would promote increased gas-filled porosity of roots of both species, with faba bean developing greater porosity than chickpea; (iii) root respiration and growth would both be inhibited by high CO 2 in a dose-dependent manner for the two species.
MATERIALS AND METHODS

Plant materials and growth conditions
Four experiments were conducted using nutrient solution culture with pots in a phytotron (temperature-controlled glasshouse) to raise plants and then in a controlled environment room just prior to and during the treatments (both were maintained at 20/15°C day/night temperature). Two grain legumes were used, faba bean (var. Farah) and chickpea (var. Genesis836); although previous work had used different varieties of these two species (Solaiman et al., 2007) we expected that the faba bean would be more tolerant to waterlogging than the chickpea. Experiments were conducted between March and August, 2014, in Perth, Western Australia (31°57′ S, 115°47′ E). The phytotron received natural light and the controlled environment room was 12 h light/12 h dark, 50% relative humidity and photosynthetically active radiation (PAR) during the light period was 500 µmol m -2 s -1 .
Plastic pots (4.5 L) covered with aluminium foil were used to grow plants in nutrient solution.
The composition of the full-strength nutrient solution, in deionised water, was (mM): 1. (Khan et al., 2015) . The solution was buffered with 5.0 mM MES (2-[NMorpholino] ethanesulfonic acid) and adjusted to pH 6.5 using KOH.
Seeds were washed with 0.04% bleach for 5 min and rinsed twice in tap water before pricking the seed coat, and the seeds were then imbibed and left overnight in an aerated solution of 0.5 mM CaSO 4 , in darkness. Imbibed seeds were transferred to a plastic mesh floating on 10% concentration aerated nutrient solution in the dark for 2 d, and seedlings were then transferred to 25% concentration aerated nutrient solution and exposed to light. In each experiment, 10-d-old seedlings were transplanted into 4.5 L pots containing 100% concentration nutrient solution, and on next day the pots were transferred from the phytotron to a controlled environment room (2 d before commencing treatments). The pots were arranged in a completely randomised design. The nutrient solution in each pot was renewed every 7 d. There were three replicate pots of each treatment. Treatments, timings of various operations (including initial and final samplings or 'harvests'), and the number of replicates, are given below for each experiment. Treatments were imposed on 13-d-old plants.
The preliminary experiment evaluated the effects of 3 d of a deoxygenated stagnant nutrient solution and an aerated nutrient solution containing either ethylene at 2 μL L -1 or CO 2 at 10% (v/v), on the growth and root porosity of chickpea and faba bean. In addition to these three treatments, there were aerated controls. The deoxygenated stagnant nutrient solution (nutrient composition as given above) contained 0.1% (w/v) agar and prior to use was bubbled with N 2 gas to purge out O 2 . The dilute agar prevents convective movements in the solution and so impedes the re-entry of O 2 and also promotes the accumulation of ethylene (Wiengweera et al., 1997) . Plants were raised in aerated nutrient solution for 13 d
and then continued with aeration with 2 μL L -1 ethylene or 10% (v/v) CO 2 for 3 d, or exposed to a deoxygenated stagnant agar nutrient solution for 3 d. The controlled environment room had built-in ventilation to avoid gas build-up, which was confirmed for CO 2 by a sensor indicating 400 μmol mol -1 at maximum in the air within the chamber. The treatment concentration of ethylene was achieved by diluting ethylene gas from a cylinder (BOC gases, Perth, Australia) with compressed air. Mass flow controllers were used to achieve the desired volumes of ethylene gas and air, which flowed into a mixing chamber before distribution to the individual pots. Similarly, the treatment concentration of CO 2 was achieved by mixing CO 2 from a cylinder (BOC gases, Perth, Australia) with compressed air. Mass flow controllers delivered the desired volumes of the two gases (CO 2 and air) to a mixing chamber, before distribution to the individual pots. The concentration of O 2 in the pots was checked using an O 2 electrode (MicroResp EL, Unisense). To avoid acidification in CO 2 treatments, 5.0 mM MES buffer was used in the nutrient solution in all treatments and the pH was monitored each day.
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Growth and root morphology measurements
The number of lateral roots was counted and the length of the primary root was measured at the start and end of the treatments. At the onset of treatments, one lateral root on each plant (the lateral root which had emerged nearest to the root base and was the longest lateral root) of each species in each pot was marked near the base, using a xylene-free marker pen. The length of these roots was measured at the time of marking, and then every 24 h to determine the rates of root extension. Plants were divided into roots and shoots, and samples were dried for 72 h at 60°C to determine dry mass. Relative growth rate (RGR) was calculated based on increase in dry mass between the sampling times and assuming logarithmic growth, using the formula of Hunt (1978) .
Root porosity
The porosity of the primary root (1-3 cm from base) was measured using the pycnometer method (Jensen et al., 1969 , Kim et al., 1999 . The measurements were focused on this basal root zone as these older parts in faba bean developed a spongy tissue of appearance similar to an 'aerenchymatous phellem' (for an example on soybean, see Shimamura et al., 2003) , but no such tissue was observed for chickpea. A 25 mL pycnometer (calibrated 25 mL density bottle, Isolab GmbH, Wertheim, Germany) was filled with deionised (DI) water and weighed. Root segments were weighed after being gently blotted dry using tissue paper.
Root segments were introduced into the water-filled pycnometer which was then weighed.
The root segments were later retrieved and ground into a paste with a mortar and pestle; the resulting homogenate of roots was returned to the pycnometer for reweighing. Root porosity was calculated using the above data and the formula of Jensen et al. (1969) . . The solution was gently bubbled with high purity N 2 until it was an even blue colour. Sodium dithionite (Na 2 S 2 O 4 ) was then added (final concentration 0.76 mM) and the solution continuously bubbled with N 2 until it went colourless, after which N 2 -bubbling was removed.
The experiments were conducted in a controlled temperature room at 21°C with photosynthetically active radiation of ~500 µmol m -2 s -1 at shoot height. Plants were moved into the room in their growth pots and left for 1 h before being transferred into the O 2 -free methylene blue solution (roots in solution, shoots in air). The roots were carefully immersed in the solution in one motion through holes in the plastic lid of the tanks and then held at the shoot base. The tank breadth had been reduced to 2.5 cm by inserting a clear Perspex plate into the middle of the tank to push the roots closer to the tank front-wall, which improved visualisation of the roots. Changes in the oxidation of the methylene blue dye, as indicated This article is protected by copyright. All rights reserved.
by blue colour formation around the roots, were recorded every 15 min and monitored over 2 h. Photographs of the roots were taken using a digital camera after 1 h.
Root tissue O 2 consumption rate (respiration)
Root tip 
Total sugars
Total sugars were measured in root tip segments (20 mm apical portions of lateral roots).
Tissues were excised, weighed, frozen in liquid N 2 , freeze-dried, and again weighed. Sugars were extracted in 80% ethanol, boiled twice under reflux for 20 min and total sugars (hexose equivalents) determined with anthrone (Yemm & Willis, 1954 ) using a spectrophotometer (Model UV/VIS SP8001, Metertech Inc., Taiwan).
Statistical analysis
Data were subjected to analysis of variance using Genstat software (VSN International Ltd, Hemel Hempstead, UK). Means were compared for significant differences using LSD at 5% probability level.
RESULTS
The short-term (3 d) responses of root growth and porosity to stagnant, ethylene or high CO 2 treatments (the latter two in aerated solution) were assessed for chickpea and faba bean in a preliminary experiment (Supplementary material). The stagnant treatment stopped primary root extension in chickpea after 1-2 d but reduced it to 65% of the aerated control in faba bean (Table S1 ). While tolerance to the stagnant treatment differed between the two species, both had a similar reduction in root growth after 3 d of the ethylene and CO 2 treatments (Table S1 ). Moreover, in the stagnant treatment, chickpea had more apically localised lateral roots but lower root porosity than faba bean. It was therefore of interest to test the sensitivity of root growth after 7 d in these treatments followed by re-aeration or removal of ethylene and CO 2 .
Effects on growth and root porosity after 7 d in stagnant deoxygenated solution, elevated ethylene or CO 2 in the root-zone and subsequent recovery (Experiment 1)
Primary root extension
At the start of the treatments, the primary root lengths of chickpea and faba bean were 121 ± 10 mm and 122 ± 12 mm (mean ± SE; data not shown), respectively. Over the next 7 d in aerated solution, the primary root of chickpea grew 20 ± 1 mm d -1 and faba bean grew 33 ± 7.6 mm d -1 (Fig. 1A, B ). In the stagnant treatment, primary root extension declined to 3% of the control in chickpea and 31% of the control in faba bean; these values reflect the average for the 7 d period, and in the case of chickpea the root extension likely occurred in the initial period since in the shorter-term preliminary experiment (see previous paragraph) growth had ceased by 2 d. Furthermore, by the end of the 7 d treatment the root tips of chickpea were not viable (see next paragraph). In the ethylene treatment, the rate of primary root extension declined to 80% and 70% of the control in chickpea and faba bean, respectively. The CO 2 treatments reduced the root extension rate to 65% of the control in chickpea and 49% of the control in faba bean.
During the 7 d recovery from the stagnant treatment, the primary roots of chickpea did not regrow as the tips were flaccid and some of the apical tissue was lost, whereas faba bean roots grew slightly (5% of the respective aerated control). In contrast, on the removal of ethylene and CO 2 treatments, both species showed greater, albeit still partial, recovery of root extension which ranged from 63-87% of the controls (Fig. 1A, B ). In the continuously aerated control plants, the extension rate of the primary root of chickpea continued at a rate similar to that previously, whereas in faba bean the extension rate was slower than during the prior week (Fig. 1B) .
Lateral root extension
At the start of the treatments, the longest lateral root in chickpea was 55 ± 0.6 mm and faba bean was 62 ± 1 mm (mean ± SE). By day 7, in aerated solution, these roots had grown by 10 and 12 mm d -1
, respectively (Fig. 1C, D) . As for the primary root, the lateral roots of chickpea stopped growing in the stagnant treatment while lateral root extension declined to This article is protected by copyright. All rights reserved.
65% of the control in faba bean. In the ethylene and CO 2 treatments, root extension of both species declined to almost one-third of the controls.
After 7 d of re-aeration following the stagnant treatment, lateral root growth in chickpea had resumed to only 22% of the control while faba bean reached 76% of the control (Fig. 1C, D) .
On removal of ethylene, the rate of root extension recovered to 70% and 49% of the control in chickpea and faba bean, respectively. On the removal of the CO 2 treatment, root extension in chickpea and faba bean showed partial recovery to 51% and 49% of the controls, respectively. In the continuously aerated control plants of the two species, the extension rates of the lateral roots continued at rates similar to those during the prior week (Fig. 1C, D) .
The number of lateral roots per cm of primary root axis within the zone from which these roots emerged increased in chickpea in response to the different treatments (Table 1) .
Lateral root numbers increased the most (3-fold) in chickpea in the 7 d stagnant treatment when compared with the aerated control. In the ethylene and CO 2 treatments, the increases for chickpea were 2.1-fold and 1.7-fold, respectively. Lateral root numbers remained unaffected by all treatments in faba bean. Overall, chickpea produced more apically localised lateral roots than faba bean.
Root porosity and O 2 movement
The porosity of the primary root in faba bean responded positively to all treatments (Fig. 2) .
Only faba bean increased root porosity in the stagnant treatment, from 17% to 23%, and these amounts of gas-filled volume greatly exceeded the 8% in the primary root of chickpea.
Porosity in the ethylene treatment increased from 8% to 12% in chickpea and 17% to 26% in faba bean. The CO 2 treatment had no effect on root porosity in chickpea but it increased in faba bean from 17% to 21%. Overall, faba bean had higher root porosity than chickpea.
Methylene blue staining showed that O 2 could not reach most of the root system in chickpea reliant on internal diffusion when in the stagnant deoxygenated root medium, but reached most of the root system of faba bean (Fig. S2 ). Despite ethylene resulting in slightly higher root porosity in both species, the ethylene treated plants did not increase in the extent of blue colouration of the root systems. Similarly, the CO 2 treated plants also did not exhibit any noticeable change in the extent of blue colouration of the root systems..
Root and shoot growth rate
Root relative growth rate (RGR) in both species declined in response to the different treatments (Fig. 3) . The root RGR declined to 72% of the control in chickpea and 86% of the control in faba bean in the stagnant treatment. The ethylene and CO 2 treatments reduced root RGR to 85% and 85-90% of the controls, respectively, in both species. After recovery from the stagnant treatment, root RGR was 78% of the control in chickpea and 95% of the control in faba bean. After removing ethylene and CO 2 , root RGR in both species recovered to that of the control plants (Fig. 3) .
In chickpea, shoot RGR declined to 76% of the control in the stagnant and CO 2 treatments and it was 85% of the control in the ethylene treatment (Fig. 3) . In contrast, the treatments did not affect shoot RGR in faba bean. During the recovery period, shoot RGR in chickpea recovered fully after the stagnant treatment, but it was only 50% of the control in faba bean.
Shoot RGR in chickpea fully recovered after the ethylene and CO 2 treatments, but was 82%
and 50% of the control in faba bean, respectively. Even the shoots of the continuously aerated (controls) faba bean grew much more slowly during the recovery period (Fig. 3) . The root-to-shoot ratio of chickpea declined in the stagnant treatment only and reached 50% of the control during the recovery phase. In contrast, the root-to-shoot ratio in faba bean was not affected by any of the treatments (Table 2) .
CO 2 dose-response effects on root growth and respiration in chickpea and faba bean (Experiments 2 and 3)
Experiment 1 showed high CO 2 reduced root growth in chickpea and faba bean, so Experiments 2 and 3 aimed to confirm these effects and to test a wider range of CO 2 concentrations: 0, 2, 4, 8, 10 and 20% (v/v) CO 2 in the root-zone, with treatments imposed for 10 d. In addition, the effect of high CO 2 on root tissue respiration was also examined.
Primary root extension
Primary root growth was more sensitive to stagnant conditions (similar to that observed in Experiment 1; Fig. 1A , B) than to high CO 2 , in both species (Fig. 4) . In Experiment 2, the highest (20%) CO 2 treatment reduced primary root extension to 66% and 49% of the control in chickpea and faba bean, respectively (Fig. 4A) . After removing 20% CO 2 , root growth recovered to 66% and 48% in chickpea and faba bean, respectively. Experiment 3 demonstrated declines in primary root extension even at lower CO 2 doses (2, 4 and 8%)
ranging from 66-97% of the aerated control in both species (Fig. 4E) . After 7 d of recovery from CO 2 treatments, the extension rate of the primary root in chickpea was 64-80% of the control and in faba bean it was 89-90% of the control (Fig. 4E ).
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Lateral root extension
During the stagnant treatment and recovery phase lateral root extension in both species declined similarly to that in Experiment 1 (Fig. 1C, D) . In Experiment 2, the 10% CO 2 treatment reduced the extension rates of lateral roots to 36% and 64% of the control in chickpea and faba bean, respectively, and the declines were even more marked to be 16% and 30% of the controls when at 20% CO 2 (Fig. 4C) . A partial recovery to 60% of the control was observed in both species after removing 10% CO 2 and to 35% of the control after removing 20% CO 2 . In Experiment 3, extension of lateral roots declined to 77% and 83% of controls at 2% CO 2 in chickpea and faba bean, respectively; with progressive declines to 59% and 81% of the control at 4% CO 2 , and 36% and 60% of the controls at 8% CO 2 (Fig.   4G ). After 7 d of recovery from CO 2 treatments, the extension rate of lateral roots was 47-81% of the control in chickpea and 72-92% of the control in faba bean.
In chickpea, the number of lateral roots per cm of primary root axis within the lateral root zone increased 2.3-fold when in the stagnant treatment for 10 d, while there was no effect of CO 2 treatments on lateral root numbers (Table 4) . In faba bean, lateral root numbers remained unaffected by all treatments. Overall, chickpea produced more lateral roots than faba bean.
Root and shoot growth rate
In Experiment 2, root RGR in both species declined to almost 80% of the control during treatments, followed by complete recovery after removing the treatments (stagnant, 10% or 20% CO 2 ) (Fig. 5A, B) . Likewise, in the stagnant treatment of Experiment 3, root RGR in both species declined to 76-85% of the control; followed by recovery of 84% and 93% of the control in chickpea and faba bean, respectively (Fig. 5F ). In the 2, 4 and 8% CO 2 treatments, root RGR of both species declined to 89-96% of the controls, but fully recovered after removing the CO 2 treatments (Fig. 5E ).
In Experiment 2, shoot RGR in both species declined to 88% of the controls in the stagnant treatment (Fig. 5D ). Shoot RGR in both species declined to 92% of the control in the 10% CO 2 treatment and 84% of the control in the 20% CO 2 treatment (Fig. 5C ). After the stagnant treatment, shoot RGR in chickpea recovered to 92% of the control and faba bean to 61% of the control. Chickpea recovered fully from the 10% CO 2 while faba bean recovered to 92% of the control. Similarly, shoot RGR in chickpea fully recovered after 20% CO 2 and faba bean recovered to 76% of the control. In Experiment 3, the 2, 4 and 8% CO 2 treatments reduced shoot RGR to 87-92% of the control in chickpea and 96% of the control in faba bean (Fig. This article is protected by copyright. All rights reserved. 5G). Shoot RGR in chickpea fully recovered after the stagnant treatment but was 66% of the control in faba bean (Fig. 5H ). Shoot RGR in chickpea recovered fully after the 2, 4 or 8% CO 2 treatments but was 83-90% of the control in faba bean.
In Experiment 2, the root-to-shoot ratio of chickpea declined in the stagnant treatment only and dropped to 44% of the control during the recovery (Table 4 ). In contrast, the root-toshoot ratio in faba bean was not affected by any of the treatments. Similarly, the root-toshoot ratio of chickpea in Experiment 3 declined in the stagnant treatment and declined to 48% of the control during the recovery. In contrast, the root-to-shoot ratio in faba bean was not affected by any of the treatments.
Root O 2 consumption and sugar levels
The O 2 consumption rate in the root tips of both species declined substantially in the 10%
and 20% CO 2 treatments in Experiment 2 (Fig. 6A ). The 10% CO 2 treatment reduced the O 2 consumption rate to 75% and 65% of the controls in chickpea and faba bean, respectively.
The respective declines at 20% CO 2 were approximately 50% of the controls in both species
Similarly, in both species, the O 2 consumption rate of the root tips declined to 40% of the controls at 8% CO 2 (not measured at lower CO 2 concentrations) in Experiment 3 (Fig. 6C ).
Sugar levels in the root tips increased substantially in plants treated with high root-zone CO 2 in Experiment 2 (Fig. 6B) . At 10% CO 2 , total sugar concentration increased 2.0-and 3.2-fold in chickpea and faba bean, respectively. At 20% CO 2 the respective increases were 4.2-and 5.2-fold. Tissue sugar levels in the root tips had also increased in plants in the 8% CO 2 treatment in Experiment 3, by 1.3-fold in chickpea and by 4.0-fold in faba bean (Fig. 6D ).
DISCUSSION
Root growth in waterlogged soils is challenged by low O 2 , and the build-up of ethylene and CO 2 in the root-zone (Ponnamperuma, 1972 (Ponnamperuma, , 1984 ; however, low O 2 stress is the main cause of reduced growth (Trought & Drew, 1980) . In the present study, the primary root of chickpea ceased to grow after 1-2 d of deoxygenated stagnant treatment, while faba bean experienced a 35% reduction in primary root extension during 3 d of stagnant treatment (Table S1 ). Extension of existing lateral roots of chickpea was also inhibited in the stagnant treatment, whereas for faba bean the lateral roots grew during 7 d in the stagnant conditions (Table 1 ). The lack of growth of these chickpea roots when reaerated indicated death of the apex, but other lateral roots grew out from the main root axis; by contrast faba bean roots resumed growth upon reaeration. The present findings add to a previous experiment on younger seedlings which also showed chickpea to be more hypoxia-sensitive than faba bean This article is protected by copyright. All rights reserved. (Solaiman et al., 2007) . The arrest of growth of the main root axis of chickpea in the stagnant nutrient solution and growth of lateral roots during the recovery phase (present study), are consistent with responses of chickpea in a waterlogged soil (Palta et al., 2010) , and of some other grain legumes (e.g. soybean, Henshaw et al., 2007; lupin, Bramley et al., 2011) .
A key trait for hypoxia tolerance is the ability to form aerenchyma which increases the gasfilled porosity to facilitate internal aeration of roots (Armstrong, 1979 , Colmer, 2003 . Porosity of the basal region of the primary root was 23% in faba bean but only 10% in chickpea, when grown for 7 d in stagnant nutrient solution (Fig. 2 ) and these substantial differences in tissue porosity were evident already after 3 d (Fig. S1 ). The tissue porosity measurements were focused on the basal tissues of the main root as in faba bean these older parts developed a spongy white appearance reminiscent of an 'aerenchymatous phellem', as described also for soybean (Shimamura et al., 2003) , whereas chickpea did not form such a tissue. The porosity of the older basal root tissues of faba bean was substantially greater than the values recorded for the entire primary roots of younger seedlings and also of adventitious roots in an O 2 -deficient solution (Solaiman et al., 2007) ; this difference would predominately be due to the aerenchymatous phellem formed in the basal part of the root (cf. porosity of phellem in
Melilotus siculus, Verboven et al., 2012) and aerenchyma formation can be greater in the stagnant agar nutrient solution than in an O 2 -deficient solution lacking agar which in turn has convention (e.g. wheat, Wiengweera et al., 1997) . Internal diffusion and radial loss of O 2 for roots in an O 2 -free medium were substantial for faba bean, but limited only to a small upper portion of the roots of chickpea, as visualised using methylene blue staining (Fig. S2 ).
Ethylene at 2 μL L -1 in aerated solution triggered increased root porosity in faba bean (Fig. 2), this response to ethylene by faba bean provides an important example which implicates ethylene signalling for the root acclimation of increased gas-filled porosity in this dicotyledonous species, adding to the more extensive knowledge of ethylene signalling and aerenchyma formation in several monocotyledonous species (e.g. reviewed by Yamauchi et al., 2018) . Interestingly, however, although ethylene treatment increased root porosity similarly to that of faba bean plants in the stagnant treatment, the O 2 transport capacity of these ethylene-treated roots was less than for roots of plants from the stagnant treatment (Fig. S2) . The 2 μL L -1 ethylene treatment promoted increased root porosity, but resulted also in a mild inhibition of root growth for both faba bean and chickpea; ethylene at >1 μL L -1 was found to suppress root extension in rice (Smith & Robertson, 1971) .
High CO 2 in the root-zone was detrimental to root growth of both chickpea and faba bean, although at the concentrations used of up to 20% which were chosen based on levels expected in some waterlogged soils (Greenway et al., 2006) , the high CO 2 was less inhibitory than the stagnant treatment. The substantial reductions in chickpea and faba bean root growth (reduced primary and lateral root extension, lower root dry mass) with increasing CO 2 levels from 2% to 4, 8, 10 and 20% in aerated solution, extend the finding of sensitivity of soybean roots to high (15-50%) CO 2 in N 2 -flushed solution (Boru et al., 2003) .
Importantly, the present experiments on chickpea and faba bean established the sensitivity to high CO 2 alone, without the complication (or possible interaction) of a low O 2 treatment as used in the earlier experiments on soybean (Boru et al., 2003) . Exposure to high CO 2 could cause acidification in root cells because, when dissolved, CO 2 acts as a weak acid (Fox, 1932) and so the sensitivity of chickpea and faba bean to high CO 2 could be due to a poor ability to regulate cellular acidosis (suggested generally for plants by Greenway et al., 2006) .
Thus, high CO 2 present in saturated soils and anticipated to occur within roots even with internal O 2 movement (Greenway et al., 2006) , in addition to adverse effects of low O 2 , could impact adversely on roots in waterlogged soils.
The adverse effects of high CO 2 on roots was further investigated by measurements of respiration in root tips of chickpea and faba bean. Respiration in root tips declined substantially (to 40-75% of the control) at 8, 10 and 20% CO 2 (Fig. 6A, C) , similarly for the two species. Consistently, albeit for cell cultures and protoplasts of pear fruit, respiration was reduced by 25-40% on exposure to 15-20 kPa CO 2 (Kerbel et al., 1990 , Lammertyn et al., 2001 . Total sugar levels in the root tips of both chickpea and faba bean had increased (Fig.   6B, D) , so the decline in respiration was not due to less substrate in the CO 2 treated roots.
Possible inhibitory effects of CO 2 on respiration, such as 'feedback inhibition' and/or potentially damaging effects of high CO 2 on cells, were reviewed by Greenway et al. (2006) .
Thus, in addition to a reduction in O 2 supply restricting respiration by roots in waterlogged soil (Armstrong, 1971) , the ability to maintain respiratory processes in roots could also be adversely impacted by high CO 2 as demonstrated here for root tips of both chickpea and faba bean.
Root systems can respond to waterlogging by altering their morphology such as by production of lateral roots (Malik et al., 2015) . Both chickpea and faba bean initiated lateral root growth when in deoxygenated stagnant solution, as compared with the controls and also compared to the CO 2 and ethylene treatments. Chickpea, in particular, formed 2.3-3.0-fold more lateral roots localised in the basal-zone of the primary root when in stagnant conditions, than the aerated control (Tables 1, 3 ). Lateral roots often grow close to the soil surface and might, therefore, obtain at least some O 2 under waterlogged conditions in the upper soil layer. Increased numbers of lateral roots were found also in canola (Voesenek et al., 1999) and some pasture legumes (Gibberd et al., 2001 ) during waterlogging. The formation of lateral roots, which consume O 2 from the primary root during O 2 movement through aerenchyma, can however diminish the O 2 supply to the tip of the main axis/'parent' root (Armstrong et al., 1983 , Gibberd et al., 1999 ; but if formed in response to root tip damage then the lateral roots would be an important replacement for the more apical parts of the primary root. Indeed for chickpea, Palta et al. (2010) reported new lateral root production during post-waterlogging. The increased numbers of lateral roots in chickpea could be related to the loss of apical dominance (suggested for wheat by Goggin & Colmer, 2007) , as the primary root tip of chickpea died in the stagnant treatment (Fig. 1) .
Plants usually experience transient waterlogging under field conditions and so it is therefore of importance to study recovery after treatments are removed (Malik et al., 2002 , Striker, 2012 . Greater shoot recovery compared to roots in chickpea (Fig. 3) further reduced the root-to-shoot ratio during recovery from the stagnant treatment (Table 2) . A reduced root-toshoot ratio is common in wheat (hypoxia-sensitive) when waterlogged (Huang et al., 1994) .
In contrast, greater root recovery in faba bean restored its root-to-shoot ratio (Fig. 3) .
Presumably, shoot recovery was initially compromised by root regrowth due to high substrate demand by the root system to resume growth and such 'competition for substrates' could initially reduce shoot growth (Herzog et al., 2016) . Complete recovery of the root-toshoot ratio after removal of ethylene and CO 2 , in both species, again indicates relatively higher tolerance to the ethylene and CO 2 root-zone treatments used here, than to the low O 2 stress in the deoxygenated stagnant solution.
CONCLUSIONS
This study provides a comprehensive knowledge of hypoxia sensitivity, and responses to elevated ethylene and CO 2 in the root-zone, for two important cool-season grain legume species, i.e. chickpea (Genesis836) and faba bean (Farah). Ethylene and high CO 2 in the root-zone reduced the root growth of both species, but growth in deoxygenated stagnant agar nutrient solution had the most damaging effect and especially so for chickpea. The deoxygenated 0.1% (w/v) agar solution would impose severe hypoxia and the O 2 deficiency is likely to be the main cause of restricted root growth (cf. Trought & Drew, 1980 , Armstrong, 1979 , but ethylene would also accumulate (Wiengweera et al., 1997) and CO 2 could also increase in roots in a stagnant medium (cf. Wiengweera et al., 1997 , Greenway et al., 2006 .
High root-zone CO 2 imposed in an aerated solution inhibited root respiration as well as reducing growth, and sugars increased in root tips of both species, indicating direct inhibitory effects of high CO 2 on roots and not substrate limitation. For both species, high CO 2 (e.g.
10% v/v) was more damaging than ethylene (2 μL L -1 ); treatments chosen to represent levels which could occur in waterlogged soil. Gas-filled porosity of the basal part of the primary root of faba bean was greater than for chickpea, and so internal O 2 movement was more prominent also in faba bean. Ethylene signalling promoted increased porosity of roots.
Poor or delayed recovery of root growth upon reaeration after stagnant treatment was mostly due to the damaging effects of the period with low O 2 , such as death of root tips. Table 1 . Root growth characteristics of chickpea and faba bean after 7 d in aerated, stagnant deoxygenated agar, 2 μL L -1 ethylene (aerated) or 10% CO 2 (aerated) treatments (Experiment 1). Plants were raised for 13 d in aerated nutrient solution and then exposed to treatments for 7 d, at 20/15°C day/night air temperatures. For each parameter, comparisons were made between species and treatments. Significant differences (P<0.05) for the species × treatment interaction are indicated by different letters within each parameter. Values are means ± SE (n=3).
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At the beginning of the treatments, the length of primary root in chickpea was 11.6 ± 1.1 cm and faba bean was 19.0 ± 1.5 cm This article is protected by copyright. All rights reserved. treatments. There were significant interactions of species × time (P < 0.01, LSD 5% = 2.2), species × treatment (P < 0.01, LSD 5% = 3.1) and treatment × time (P < 0.01, LSD 5% = 2.0); the three-way interaction was not significant. Rates of extension were calculated for lateral roots from measurements in the final two days of treatments. Average lengths of roots at the commencement of treatments are given in the relevant section of the Results. There were significant interactions of species × time (P < 0.05; LSD 5% = 0.9), species × treatment (P < 0.001; LSD 5% = 1.3) and treatment × time (P < 0.05; LSD 5% = 1.2); the three-way interaction was not significant (Experiment 1). The letters within each panel indicate significant differences for the treatment × time interaction. This article is protected by copyright. All rights reserved.
were calculated for lateral roots from measurements taken in the final two days of treatments. There were significant two-way interactions for species × time (P<0.05; LSD 5% = 1.1), species × treatment (P<0.01; LSD 5% = 1.5) and treatment × time (P<0.05; LSD 5% = 1.0), but no species × treatment × time interaction. In Experiment 3, for the primary root, there were two-way significant interactions for species × time (P<0.05; LSD 5% = 2.0), species × treatment (P<0.01; LSD 5% = 3.0) and treatment × time (P<0.05; LSD 5% = 2.9), but no species × treatment × time interaction. Also in Experiment 3, rates of extension were calculated for lateral roots from measurements taken in the final two days of treatments, for which there were significant two-way interactions for species × time (P<0.05; LSD 5% = 1.0), species × treatment (P<0.01; LSD 5% = 1.5), treatment × time interaction (P<0.05; LSD 5% = 1.4), but no species × treatment × time interaction. No letters are shown in the panels as the three-way interactions were not significant.
